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ABSTRACT. Invasion ecology offers a unique opportunity to examine drivers of ecological processes
that regulate communities. Biotic resistance to nonindigenous species establishment is thought to be
greater in communities that have not been disturbed by human activities. Alternatively, invasion may
occur wherever environmental conditions are appropriate for the colonist, regardless of the composition
of the existing community and the level of disturbance. We tested these hypotheses by investigating distribution of the nonindigenous amphipod, Echinogammarus ischnus Stebbing, 1899, in co-occurrence with a
widespread amphipod, Gammarus fasciatus Say, 1818, at 97 sites across the Laurentian Great Lakes
coastal margins influenced by varying types and levels of anthropogenic stress. E. Ischnus was distributed independently of disturbance gradients related to six anthropogenic disturbance variables that summarized overall nutrient input, nitrogen, and phosphorus load carried from the adjacent coastal watershed, agricultural land area, human population density, overall pollution loading, and the site-specific
dominant stressor, consistent with the expectations of regulation by general environmental characteristics. Our results support the view that the biotic facilitation by dreissenid mussels and distribution of suitable habitats better explain E. ischnus’ distribution at Laurentian Great Lakes coastal margins than
anthropogenic disturbance.
INDEX WORDS: Biological invasion, anthropogenic disturbance, environmental condition, facilitation, amphipod, dreissenid.

colonized areas linked with the Great Lakes. Several NIS native to the Ponto-Caspian region of
Eurasia (i.e., Black, Azov, and Caspian Sea basins)
have expanded their range into the Great Lakes
after becoming established in the Baltic Sea or
lower Rhine River basins (MacIsaac et al. 2001).
Although many NIS never establish self-sustaining
populations, the movement of organisms beyond
their natural range can have consequences that are
ecologically and sometimes economically devastating. Consequently, considerable research has been
conducted to understand why some NIS are so successful at invading while others are unsuccessful

INTRODUCTION
Records since the early 1800s document a dramatic sequence of invasions by nonindigenous
species (NIS) originating from Europe, Asia, and
the North American Atlantic coast into the Laurentian Great Lakes (Mills et al. 1993, Grigorovich et
al. 2003). Ballast water exchange activities of
transoceanic ships have been linked with NIS introductions that originate directly from native regions
and indirectly by stepwise transport from recently
*Corresponding

author. E-mail: kang_misun@hotmail.com

198

Echinogammarus ischnus at Great Lakes Coastal Margins

Pr

oo

f

(e.g., Baltz and Moyle 1993, Simberloff and Von
Holle 1999, Keane and Crawley 2002, Lockwood et
al. 2005). Studies often examine the interaction between the NIS and its new habitat and attempt to
elucidate habitat attributes that make ecosystems
vulnerable to invasion (e.g., Mooney and Drake
1986, Drake et al. 1989, Sax et al. 2005).
Elton (1958) observed that invasions were often
human-mediated and expanded this view with the
concept of “biotic resistance.” He argued that the
combined competitive abilities of species in undisturbed communities resist establishment of NIS, but
communities disrupted or disturbed by human activities become more susceptible to invasion. Disturbance is widely regarded as a mechanism that
permits NIS to avoid or reduce the intensity of biotic resistance usually manifested through interspecific competition or predation in the invaded
community (e.g., Elton 1958, Hobbs and Huenneke
1992, D’Antonio 1993, Burke and Grime 1996). If
disturbance is an important determinant of the success of biological invasions, it must modify species
interactions or the nature of the environment in a
manner that favours establishment of NIS. We use
the term ”stressor” in this study as a reference to
anthropogenic activities that cause disturbance, defined by White and Pickett (1985) as “any relatively
discrete event in time that disrupts ecosystem, community, or population structure and changes resources, substrate availability, or the physical
environment.”
Although a number of terrestrial studies corroborate the disturbance hypothesis (a demonstration of
biotic resistance) (e.g., birds: Case 1996, plants:
Kotanen 1997, Wiser et al. 1998, Keeley et al.
2003, Rose and Hermanutz 2004), relatively few
studies document the importance of disturbance for
NIS establishment in aquatic habitats. In manipulative experiments of the Asian kelp, Undaria pinnatifida, in Tasmania, Valentine and Johnson (2003)
found that disturbance that reduced native algal
canopy cover was critical in the establishment of
this NIS, whereas the presence of a stable native
algal canopy inhibited invasion. Schreiber et al.
(2003) found that invasion of the nonindigenous
snail, Potamopyrgus antipodarum, was facilitated
by flow-driven anthropogenic disturbance, and
more likely to occur in areas with multiple land
uses (e.g., grazing, forestry, urban development) at
lowland sites in southern Victorian Australian
streams. Cohen and Carlton (1998) highlighted the
role of disturbance in facilitating the establishment
of NIS of the highly invaded San Francisco Bay
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and delta. Except for these studies, the role of disturbance in invasion of aquatic environments has
not been clearly elucidated, due to difficulty in directly linking and assessing the contribution of disturbance to invasion success.
Contrasting the disturbance hypothesis, Moyle
and Light (1996) studied the success of invading
fishes in California streams and suggested that if
environmental factors are appropriate for a NIS,
successful invasion by that species is likely, regardless of the biota already present. They argued that
failure of NIS to establish in new habitats is best attributed to their inability to adapt to environmental
conditions (i.e., lack of environmental suitability)
rather than to biotic resistance on the part of the recipient community (also see Baltz and Moyle 1993,
Harrison 1999, Hood and Naiman 2000, Fausch et
al. 2001). Blackburn and Duncan (2001) used a
global data set of historical bird introductions and
showed that instances of successful introductions
were not consistent with the biotic resistance hypothesis. Their model showed that the most speciesrich regions of the Afrotropics and Central/South
America were most invasible. Successful introductions appeared to depend on the combination of
species and location (e.g., large range size, similarity of origin and introduction latitudes). Holway et
al. (2002) compared the effects of interspecific interactions and abiotic factors on invasion success
by the Argentine ant, Linepithema humile Mayr in
scrub habitats of southern California. Their experimental data demonstrated that community-level
vulnerability to invasion appears to depend primarily on the suitability of the physical environment
from the perspective of L. humile. Similarly, Dethier and Hacker (2005) found that physical factors
played a more important role than biotic resistance
in field manipulations of the invasive marine grass,
Spartina anglica.
The objective of this study was to elucidate the
factors that regulate the distribution of the nonindigenous amphipod, E. ischnus Stebbing, 1899, in
the Laurentian Great Lakes. We assessed the influence of land-based anthropogenic activities on the
distribution of the established NIS in adjacent
receiving waters, to test whether disturbance as a
consequence of anthropogenic activity or environmental conditions better accounted for its local occurrence. We also studied the association between
E. ischnus and G. fasciatus Say, 1818, whose distribution was used as an indicator of habitat suitability
for E. ischnus (see Study Organisms), and with
dreissenids with which both amphipods have previ-
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ously been found to co-occur in the Great Lakes
(Griffiths 1993, Stewart and Haynes 1994, Dermott
et al. 1998, Vanderploeg et al. 2002).
Evidence that E. ischnus is limited to relatively
disturbed locations, characterized by association
with anthropogenic stressors, will support the disturbance hypothesis. Alternatively, a finding of E.
ischnus at all sites with suitable habitat (those supporting G. fasciatus), independent of the spatial distribution of anthropogenic stressors, will better
support the hypothesis that local environmental
conditions determine establishment success.
These hypotheses were evaluated by examining a
subset of zoobenthic samples collected at 149 locations across the U.S. Great Lakes coastline, spanning gradients of stress, and a range of
hydrogeomorphic characteristics. This study was
part of the Great Lakes Environmental Indicators
(GLEI) project (Danz et al. 2005), designed to develop and test indicators of condition along the
coastal margins of the U.S. Great Lakes.
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Study Organisms
Witt et al. (1997) reported the first account of a
breeding population of the nonindigenous amphipod, E. ischnus, in the Great Lakes basin in 1995 at
a Detroit River site. However, van Overdijk et al.
(2003) analyzed archived samples and postulated E.
ischnus’ entry into Lake Erie in 1994 and possibly
as early as 1993 (although no specimens were
found in samples collected in 1993 by Dahl et
al.[1995]). By 1996, E. ischnus was widely distributed from southern Lake Huron downstream to the
mouth of the Niagara River of Lake Ontario (Dermott et al. 1998). E. ischnus was reported from the
nearshore rocky areas of the northern to southern
ends of Lake Michigan in 1998 (Vanderploeg et al.
2002) and nearshore silty-sand areas adjacent to
Thunder Bay, Ontario in Lake Superior in 2002
(Grigorovich et al. 2003).
Dermott et al. (1998) proposed that strong eastward longshore currents in Lakes Erie and Ontario
(Csanady and Scott 1974, Simons 1976, Barton and
Hynes 1978) allowed E. ischnus to disperse from
the west to the east end of Lake Erie in 2 years and
permitted rapid range expansion downstream to
Lake Ontario. They predicted that E. ischnus would
quickly move downstream in the St. Lawrence
River to its estuary, and enter the Mississippi River
and Hudson River basins via the interconnecting
canals.
The first Detroit River population was found to

occupy a habitat typical of G. fasciatus, suggesting
the possibility of competitive displacement of the
native species (Witt et al. 1997). As well, the proportion of E. ischnus increased while G. fasciatus
decreased over a 2-year study period (1996–1997)
in Port Weller, Lake Ontario, suggesting the displacement of G. fasciatus (Dermott et al. 1998).
Dermott et al. (1998) predicted that E. ischnus
would replace the widespread amphipod, G. fasciatus, primarily on rocky substrates (i.e., wave
washed cobble beaches, rubble armored shorelines,
breakwalls), especially in interconnecting rivers
and larger tributaries of the Great Lakes, based on
observations of the rarity of G. fasciatus and commonness of E. ischnus in rocky habitats, particularly where currents were moderate, such as in the
St. Clair, Detroit, and Niagara rivers. Nalepa et al.
(2001) reported the absence of G. fasciatus and the
sole presence of E. ischnus along the eastern shoreline of Lake Michigan, supporting the prediction of
competitive displacement by E. ischnus of G. in
rocky habitats (Dermott et al. 1998).
G. fasciatus is a generalist and is especially
abundant in locations with dense submergent vegetation or quiet turbid areas, so is expected to continue to dominate these habitats (Dermott et al.
1998), although fish predation may determine relative dominance of amphipod species in rocky areas
(Vanderploeg et al. 2002). Dermott et al. (1998)
suggested that sites with heterogeneous substrates
consisting of medium to coarse sand (gravel), silt,
and submerged vegetation may be more suitable for
Gammarus and Hyalella than for E. ischnus since
these genera were found at such sites in shallow
water areas of the Straits of Mackinac without E. ischnus. G. fasciatus is well equipped to cling to vegetation (Clemens 1950), and appears to be able to
dominate over E. ischnus in turbid habitats (e.g.,
Canard River, Ontario), and areas with abundant
submergent aquatic vegetation (Griffiths 1993).
Given that both E. ischnus and G. fasciatus are
found in similar habitats in the Great Lakes, and are
believed to use similar resources, habitat potentially
suitable for E. ischnus was defined as those sites
occupied by G. fasciatus to test the disturbance and
environmental suitability hypotheses. All samples
containing Echinogammarus was used in analyses.
Sites with the presence of other amphipods, such as
Hyalella azteca Saussure, 1858, were not considered to be suitable habitat for E. ischnus, because
these amphipods share fewer habitat requirements
(Bousfield 1958, Holsinger 1976).
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Sampling Design and Site Selection
Zoobenthic sampling locations were originally
selected for the GLEI project using a stratified random design from among the entire set of 762 second-order or higher drainage basins bordering the
U.S. Great Lakes coastline (Danz et al. 2005). The
coastline was divided into coastal segments whose
endpoints were midway between adjacent second
order or higher tributary streams. Digital elevation
models were employed to delineate the runoff areas
(i.e., drainage basins) for each river basin and its
adjacent shoreline. These units are referred to as
“segment-sheds.” The coasts of islands, the connecting channels, and Lake St. Clair were excluded
from the final site selection.
A stratified-random design was employed such
that the total number of segments sampled encompassed the full range of intensity of each of six
classes of stress ascertained from geospatially referenced measurements of 207 stressor variables in
each drainage basin (Danz et al. 2005). Principal
components analysis was used to reduce the total
number of stressor variables to a smaller suite representing six distinct classes of anthropogenic activities: agriculture (including rates of fertilizer and
agricultural chemical applications), atmospheric deposition, land use and land cover, human population
density and development, point and nonpoint
source pollution, and shoreline modification. The
subset of segment-sheds that was ultimately sampled encompassed the full range of each of the six
classes of stress (Danz et al. 2005). The segmentspecific eigenvalue of each principal component
provided a measure of the intensity of each class of
stress to which the segment was subject (Danz et al.
2005). Our study used the five specific stressor
variables that summarized most of the variability of
each principal component: overall nutrient input,
nitrogen and phosphorus load transported from the
adjacent coastal watershed, agricultural land area,
human population density, and overall pollution
loading. The atmospheric deposition stressor was
excluded as it stems from regional rather than local
causes. An additional variable that summarized the
site-specific dominant stress value (i.e., “Relmax”the single highest principal component score of all
stressor variables influencing a particular site) was
also used in analyses.
Sampling locations were also classified and stratified on the basis of their hydrogeomorphologic
connections with a Great Lake (following Keough

et al. 1999). These classifications are referred to as
hydrogeomorphic types. Non-wetland areas were
identified as being either high-energy shoreline, or
low-energy shoreline/embayments. Three functional groups of wetlands were identified: coastal
wetlands (i.e., wetlands occurring along open
shorelines, unrestricted bays, or shallow, sloping
beaches); river-influenced wetlands (i.e., river
deltas, restricted riverine, and lake connected inland
types); and protected wetlands (i.e., barrier beach
systems that may be intermittently hydrologically
connected to the main lake) (Keough et al. 1999).
Amphipods were sampled at a total of 149 sites
distributed across the U.S. coastline of the Great
Lakes between June and September, 2002 through
2004 (34 in Lake Superior, 42 in Lake Michigan, 28
in Lake Huron, 23 in Lake Erie, and 23 in Lake Ontario). This study uses data from 97 of these locations, and they are referred to as “basin” data.
Samples from Lake Superior and protected wetlands were not included because it is unclear
whether E. ischnus is able to persist in Lake Superior (Grigorovich et al. 2003) or whether E. ischnus
has had the opportunity to disperse into wetlands
that are not permanently connected to the Great
Lakes shoreline. In fact, no E. ischnus specimens
were collected from any Lake Superior sites or
from protected wetlands in the GLEI study.
Additional samples collected from Lake Erie in
2004 (the Lake Erie Comprehensive Collaborative
Study [ECCS], Krieger et al. in press) supplemented the GLEI Lake Erie high-energy shoreline
data. Amphipods were collected from 96 sampling
locations along the U.S. coastline of Lake Erie between May and Sept 2004 using an airlift sampler
(314 cm2; stony substrates) or Ponar grab (506 cm2;
soft substrate sampler; see Krieger et al. (2007) for
a full description of their methods). Only those sites
that were sampled along the U.S. coastline could be
used in our analyses because appropriate stressor
scores are not currently available for segment-sheds
on Canadian Great Lakes coastlines.
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Amphipod Collection
Using a combination of 30-s D-net, 10-cm deep,
6.5-cm diameter cores, and Petite Ponar grabs (225
cm2; or rock scrapes of equivalent top-face surface
area in rocky habitats), we collected duplicate samples at two to four depth locations along each of
two to six transects per site. Two to three transects
were delineated extending from each of the two
most common land use classes that made up at least

Kang et al.
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fasciatus was encountered, and independently of
the anthropogenic stressor scores.
Dreissena polymorpha Pallas, 1771, and Dreissena bugensis Andrusov, 1897, are two nonindigenous dreissenid species that occur in the Great
Lakes. Given that dreissenids are known to form
mixed-species colonies (Bially and MacIsaac 2000)
and have been shown to be associated with E. ischnus and G. fasciatus (Griffiths 1993, Stewart and
Haynes 1994, Dermott et al. 1998, Vanderploeg et
al. 2002), frequency analyses (Yates corrected Chisquare analysis of presence/absence data, with one
degree of freedom) were also conducted to quantify
the strength of association between dreissenids and
each gammarid taxon. Dreissenids were collected
using the same methods as for amphipod collection.
To test the disturbance hypothesis, simple and
multiple logistic regression analyses were performed on occurrence records for E. ischnus data at
sites from which G. fasciatus were also collected.
E. ischnus presence/absence (coded 1/0, respectively) site values were regressed against the principal component scores for each of the six stressor
variables using simple logistic regression. Multiple
logistic regression analysis evaluated the simultaneous effect of the five single stressor measures. The
Relmax stressor variable was not included in the
multiple regression analysis since it already combines effects of the various stressors. We anticipated that a logistic regression analysis approach
would allow us to estimate theoretical critical/
threshold stressor scores for E. ischnus occurrence
(the stressor score at which E. ischnus is more than
50% likely to occur).
We used a hierarchical approach to test the hypotheses. Data were examined at the basin scale,
lake-by-lake, by coastal hydrogeomorphic type, and
finally, at the microhabitat (individual sample location) scale.
A modified Bonferroni correction (Holm 1979)
was used to adjust the study-wide Type I error to
0.05. All analyses were performed using the Statistica® software package Version 6.0 (StatSoft, Inc.
2001).
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10% of the linear extent of the shoreline. High-energy and coastal wetland benthic samples were collected at four depth contours along each transect:
20–50 cm, 50–75 cm, 5 m (or 1 km from shore,
whichever occurred first), and 10 m (or 2 km from
shore, whichever occurred first). If depths were 5 m
or less, only three locations were sampled along a
transect at embayments, river-influenced wetlands,
and protected wetlands (20–50 cm, 50–75 cm,
deepest point encountered); a maximum of 24
points was sampled at each site. All samples were
preserved in 2.5:1 v/v ethanol: buffered formalin
solution diluted 1:1 with lake water, and sorted in
the laboratory.
In the laboratory, one randomly selected sample
of each duplicate from each zone of each transect
was sorted. Benthic samples were rinsed through a
series of nested sieves (4 mm, 1 mm, 0.5 mm, 0.25
mm) following the procedures of Ciborowski
(1991). Individual size fractions were subsampled
as necessary to generate at least 100 invertebrates
per fraction such that the total sorting time spent
per sample did not exceed 3 hours. Similar methods
were used for processing ECCS samples (see
Krieger et al. in press). Amphipods were identified
to the genus level using the key of Covich and
Thorp (2001). Gammarus species were identified
using keys of Holsinger (1976) and Bousfield
(1958). E. ischnus specimens were identified using
the description outlined by Witt et al. (1997).
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Statistical Analyses
The association between E. ischnus and G. fasciatus was examined to complement the tests of the
disturbance hypothesis and environmental suitability hypothesis of invader establishment at individual sites with suitable habitat. The associations
were examined using frequency analyses (Yates
corrected Chi-square analysis of presence/absence
data, with one degree of freedom). Differences in
degree of co-occurrence among lakes and hydrogeomorphic types were assessed using heterogeneity
tests. A taxon was deemed present at a site if one or
more individuals occurred in at least one sample. A
significant positive association between two taxa
was assumed to indicate that the taxa pair shared
similar habitats (e.g., hydrogeomorphic types). A
nonsignificant Chi-square outcome would imply
that the broad distributions of the two taxa were independent of one another. Strongest support for the
environmental suitability hypothesis would be
achieved if E. ischnus was detected wherever G.

RESULTS
Distribution and Associations among Taxa
G. fasciatus was the predominant species of
Gammarus collected, although G. tigrinus Sexton,
1939 (new records for the Great Lakes in Grigorovich et al. 2005), and G. pseudolimnaeus Bous-
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Scale
Michigan
Huron
Erie
Ontario
Coastal wetland
Embayment
High-energy
River-influenced wetland

E (%)
↓52.4
↓78.6
↑182.5
↑170.0
↓72.9
↑136.1
↑136.1
↓63.8

G (%)
↓96.7
↓89.8
↓89.8
↑129.7
↑109.1
↓71.9
↓53.9
↑164.7

D (%)
↓69.9
↑116.6
↑108.2
↑134.7
↓97.4
↑121.2
↑121.2
↓63.1

E. ischnus-G. fasciatus Co-occurrence
G. fasciatus was found at 54 of the 97 GLEI sites
sampled (56%) (Fig. 1). E. ischnus was found at 19
of the 97 sites sampled (20%) (Fig. 1), and occupied 26% of the G. fasciatus sites. E. ischnus was
found without G. fasciatus at only five locations:
one embayment in Lake Huron, and at two high-energy sites in each of Lakes Michigan and Erie. Although the number of sites with co-occurrence was
higher than would be expected by chance (132%),
the association between E. ischnus and G. fasciatus
at the basin level was not statistically significant
( χ2 = 2.27, d. f. = 1, p > 0.05; Table 2). Tests for association at the scales of individual lakes, and hydrogeomorphic types, were also nonsignificant
(Table 2). There was also no significant among-lake
heterogeneity in the degree of association between
E. ischnus and G. fasciatus (p > 0.05). However,
there was significant heterogeneity in the degree of
co-occurrence among the hydrogeomorphic types
(p < 0.001). The distributions of E. ischnus and G.
fasciatus deviated significantly from expectation of
independence at high-energy and river-influenced
sites (p < 0.005 and p < 0.001, respectively) due to
their respective over-representation in these types
of sites.
There was a highly significant association between the two gammarid species at the microhabitat
(individual sample location) scale (χ 2 = 27.32,
p < 0.0005, n = 925; Table 2). The number of samples in which E. ischnus and G. fasciatus co-occurred was much higher than what would be
expected by chance.
Analyses of the ECCS data failed to show significant association between E. ischnus and G. fasciatus distributions for Lake Erie (χ2 = 0.38, p > 0.05,
n = 96; Table 2). E. ischnus was found at 19 of the
96 sites sampled (20%) (Table 2), and overlapped at
5% of the G. fasciatus sites. Thirteen sampling locations occupied by E. ischnus were not occupied
by G. fasciatus.
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field, 1958, were also found in samples. Our power
for detection of species weakened for analyses performed at smaller spatial scales for which there
were smaller sample sizes (Lakes Erie and Ontario
and specific hydrogeomorphic types). The sample
sizes of the basinwide (n = 97 without Lake Superior and protected wetlands), Lakes Michigan (n =
39), Huron (n = 26), ECCS Lake Erie (n = 96),
high-energy (n = 30), and coastal wetland (n = 28)
scales provided suitable α-levels (0.75) for detection of rare species (as per McArdle 1990). The
small sample sizes of Lakes Erie (n = 14), Ontario
(n = 18), embayments (n = 15), and river-influenced
wetlands (n = 24) resulted in analyses with low
power to detect rare species. However, E. ischnus
had its highest frequency of occurrence in Lakes
Erie and Ontario (comprising 26% and 32%, respectively, of all Great Lakes sites at which E. ischnus occurred).
Based on its basinwide frequency of occurrence
among sites, E. ischnus was under-represented
in Lakes Michigan, Huron, coastal, and river-influenced wetlands, and over-represented in Lakes Erie,
Ontario, high-energy, and embayment sites (Table
1).
G. fasciatus was collected more frequently in
Lake Ontario, and river-influenced wetlands, and
was more under-represented in high-energy and embayment sites than would be expected by chance if
they were randomly distributed across the Great
Lakes (Table 1).
Dreissena spp. mussels followed the same pattern

of frequency as E. ischnus but were also over-represented in Lake Huron (Table 1).

f

TABLE 1. Representation of sites with presence
of E. ischnus (E), G. fasciatus (G), and Dreissena
spp. (D). Arrows indicate whether a taxon was collected more frequently ( ↑) or less frequently ( ↓)
than expected if distribution was random across
all sites at a given scale. Numbers given show percentage of expected frequency.
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Distribution of E. ischnus across
Stressor Gradients
The geographic extent and range of stress covered by the 97 GLEI sites that we sampled is suitable to test the disturbance and the environmental
suitability hypotheses (Fig. 2). E. ischnus sites
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FIG. 1. Distribution of E. ischnus (E), G. fasciatus (G), and Dreissena spp. (D), across the
U.S. Great Lakes basin for GLEI and ECCS (inset) sites. Symbols indicate occurrences of
★), E+D (▲), E+G (◆
◆), D+G (■), D ((), G ()), and none of the taxa (l) at sampled
E+G+D (★
sites.
spanned the complete range of most stressor variable PC scores and were not concentrated at specific levels for any of the stressor variables (Fig. 2),
as was corroborated by visual examination of scat-

terplots derived from the logistic regression analyses.
The distribution of E. ischnus at GLEI sites that
supported G. fasciatus was independent of the de-

TABLE 2. Number of sites with presence (G only or E only), co-occurrence (E and G),
and absence (None) of E. ischnus (E) and G. fasciatus (G) from GLEI and ECCS data.
Significant Yates corrected p-values and nonsignificant (ns) associations are indicated.
Scale
E and G
G only
E only
None
Total (n)
Basin*
14
40
5
38
97
Michigan*
2
19
2
16
39
Huron*
3
10
1
12
26
Erie
3
4
2
5
14
Ontario
6
7
0
5
18
Coastal wetland*
4
13
0
11
28
Embayment
3
3
1
8
15
High-energy*
4
5
4
17
30
River-influenced
3
19
0
2
24
Microhabitat*
26
237
13
649
925
<
ECCS*
5
14
13
64
96
*Scales at which numbers of sites sampled provide suitable α-levels (0.75) for detection
species (as per McArdle 1990).

p
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.0005
ns
of rare
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analysis was so small that the ordering of E. ischnus
absences and presences on the stressor axis could
have arisen by chance. Analyses of ECCS data,
which consisted of more sampling locations. did
not corroborate the GLEI Lake Erie results (p >
0.05, n = 19).

FIG. 2. Ranges of overall nutrient input, N and P
load, agricultural land area, human population
density, overall pollution loading, and relative
maximum stressor variables for all GLEI sites
l), Basin (n
n), Echinogammarus (★
★), Gammarus
(l
( ▲ ), and Dreissena ( u ) sites. Symbols denote
median PC Score.
gree of stress for all variables evaluated at the
basin, individual lake, and hydrogeomorphic type
scales (p > 0.05 experiment-wise adjusted for multiple tests). A marginally significant regression was
detected for the human population density stressor
variable at Lake Erie sites (χ 2 = 12.10, p < 0.05
nominal, n = 7). However, the sample size for this

Amphipod-Dreissena spp. Co-occurrence
Dreissena spp. were found at 32 of the 97 GLEI
sites sampled (33%) (Fig. 1). E. ischnus occurred at
56% of the Dreissena spp. sites. E. ischnus was
found without Dreissena spp. at only one river-influenced wetland site, in Lake Ontario.
E. ischnus and Dreissena spp. co-occurrence
was highly significant across many scales (basin:
χ 2 = 37.35, p < 0.001, n = 97; Lake Michigan:
χ2 = 10.42, p < 0.05, n = 39; Lake Erie: χ2 = 9.98,
p < 0.05, n = 14; high-energy: χ 2 = 13.13, p <
0.0005, n = 30; Table 3). None of the 18 ECCS
locations at which Echinogammarus was found
lacked Dreissena spp. (χ2 = 89.55, p < 0.00005, n =
96) (Table 3).
This association was also significant at the microhabitat scale ( χ2 = 169.17, p < 0.0005, n = 925;
Table 3). E. ischnus and Dreissena spp. co-occurred
in 34 samples collected (2% of all samples), and
neither were collected from 787 samples (85% of
all samples) out of a total of 925 samples collected.
E. ischnus was collected in a total of 39 samples
(4% of all samples), while Dreissena spp. were collected in a total of 114 samples (12% of all sam-

TABLE 3. Number of sites with presence (D only or E only), co-occurrence (E and D),
and absence (None) of E. ischnus (E) and Dreissena spp. (D) from GLEI and ECCS
data. Significant Yates corrected p-values, and nonsignificant (ns) associations are
indicated.
Scale
E and D
D only
E only
None
Total (n)
p
Basin*
18
14
1
64
97
< 0.0005
Michigan*
4
5
0
30
39
< 0.05
Huron*
4
6
0
16
26
ns
Erie
5
0
0
9
14
< 0.05
Ontario
5
3
1
9
18
ns
Coastal wetland*
4
5
0
19
28
ns
Embayment
4
2
0
9
15
ns
High-energy*
8
4
0
18
30
< 0.0005
River-influenced
2
3
1
18
24
ns
Microhabitat
34
99
5
787
925
< 0.0005
ECCS*
18
0
0
78
96
< 0.00005
*Scales at which numbers of sites sampled provide suitable α-levels (0.75) for detection of rare
species (as per McArdle 1990).
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TABLE 4. Number of sites with presence (D only or G only), co-occurrence (G and D),
and absence (None) of G. fasciatus (G) and Dreissena spp. (D) from GLEI and ECCS
data. Significant Yates corrected p-values, and nonsignificant (ns) associations are indicated.
Scale
G and D
D only
G only
None
Total (n)
p
Basin*
26
6
28
37
97
< 0.05
Michigan*
7
2
14
16
39
ns
Huron*
9
1
4
12
26
ns
Erie
5
0
2
7
14
ns
Ontario
5
3
8
2
18
ns
Coastal wetland*
9
0
8
11
28
ns
Embayment
5
1
1
8
15
ns
High-energy*
7
5
2
16
30
ns
River-influenced
5
0
17
2
24
ns
Protected wetland
2
0
2
15
19
ns
Microhabitat
62
52
201
610
925
< 0.0005
ECCS*
19
0
0
77
96
< 0.00005
*Scales at which numbers of sites sampled provide suitable α-levels (0.75) for detection of rare
species (as per McArdle 1990).

ples). E. ischnus was not associated with Dreissena
spp. in five samples collected from a single riverinfluenced wetland site in eastern Lake Ontario,
which did not score highly for any stressor variable.
Otherwise, every GLEI D-net, core, and Petite
Ponar sample containing E. ischnus also contained
Dreissena spp.
G. fasciatus and Dreissena spp. co-occurred at
27% of all sampled sites (Table 4). The association
between G. fasciatus and Dreissena spp. was significant at the basin ( χ2 = 11.16, p < 0.05, n = 97)
and microhabitat ( χ2 = 41.60, p < 0.0005, n = 925)
scales (Table 4). ECCS data showed that G. fasciatus and Dreissena spp. co-occurrence was highly
significant (χ2 = 89.80, p < 0.00005, n = 96).
DISCUSSION
At the hydrogeomorphic type scale, G. fasciatus
appeared to be more widespread among river-influenced wetlands than among high energy shorelines
or in embayments. In contrast, Echinogammarus
was twice as frequently encountered at the high-energy and embayment sites than in the wetlands.
However, this may be more a reflection of the relative distribution of hydrogeomorphic types among
Great Lakes, which were sampled with equal effort
rather than by actual habitat occurrence. For example, Echinogammarus was most prevalent in Lake
Erie, where there were a disproportionately large
number of high-energy sites and relatively few

river-influenced wetland sites sampled. The highly
significant association between the two amphipod
species at the sample scale suggests that microhabitat preferences are similar. Although the small sample size of E. ischnus sites does not provide
conclusive evidence for a difference in habitat (hydrogeomorphic) preferences, this study and others
(Palmer and Ricciardi 2004, Palmer and Ricciardi
2005, Limen et al. 2005) suggest that E. ischnus is
not systematically replacing G. fasciatus in the
Great Lakes. Differential resource use (Limen et al.
2005), and differential responses to substrate characteristics, water chemistry variables, and current
velocity (Palmer and Ricciardi 2004, Palmer and
Ricciardi 2005) are evidence that E. ischnus can
utilize different microhabitat from G. fasciatus. Alternatively, although E. ischnus has been reported
from all of the Great Lakes, the patchiness in occurrences among lakes and hydrogeomorphic types
may reflect its limited dispersal capabilities and relatively recent introduction, resulting in insufficient
time to disperse throughout the lakes.
Overall, the presence or absence of E. ischnus at
G. fasciatus sites was independent of the degree of
anthropogenic stress. The Holm (1979) correction
used to adjust the detection level for significance to
correct for inflated Type I Error from the many
simple logistic regression analyses, rendered several of what would have been nominally significant
(p < 0.05) relationships nonsignificant. Ultimately,
the only simple logistic regression analysis of
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Because of its relatively recent arrival in North
America, the distribution of E. ischnus across the
Great Lakes would be expected to reflect the
propagule pressure imparted from ballasting activities of transoceanic ships and recreational boating
(Ricciardi and MacIsaac 2000). However, this
seems not to be the case for E. ischnus. The results
of our heterogeneity tests and comparisons with expected frequencies show a higher proportion of E.
ischnus and Dreissena spp. occurrences at Lakes
Erie and Ontario sites than for the other lakes
(Table 1). In contrast, E. ischnus did not appear in
Lake Superior samples, even though Duluth and
Thunder Bay harbors (Lake Superior) receive a
disproportionate number of visits by transoceanic
ballasted and NOBOB vessels (ships with no-ballast-on-board status) compared to other ports of the
Great Lakes (Colautti 2001). In general, Duluth and
Thunder Bay support few NIS in their vicinity
(Grigorovich et al. 2003). Lakes Erie and Ontario
may provide better environmental conditions for
mesothermic NIS entering the basin than the other
Great Lakes (Vanderploeg et al. 2002, Grigorovich
et al. 2003).
Results from this study do not support the disturbance hypothesis (increased likelihood of establishment at location in which stress has disrupted
normal interaction among species comprising the
natural community), and are more consistent with
the environmental suitability hypothesis (NIS become established wherever conditions are adequate). Anthropogenic stressors at Great Lakes
coastal margins do not appear to facilitate nonindigenous benthic invertebrate establishment, as
exemplified by E. ischnus. Our results and those of
others (Levine and D’Antonio 1999, Blackburn and
Duncan 2001, Holway, et al. 2002, Dethier and
Hacker 2005) suggest that the same environmental
properties that provide suitable habitat for native
species are also invasible for NIS.
Relatively sessile benthic macroinvertebrates are
the closest animal equivalent to terrestrial plant
communities, where disturbance often does increase
invasibility. However, this study suggests that disturbance does not factor into aquatic invertebrate
invasion processes as it does with terrestrial plants.
Aquatic habitats are thought to be highly vulnerable
to invasions (Mills et al. 1993) due to their generally low level of native species diversity and high
level of invasion opportunities. However, few studies test this assertion due to the difficulty in directly
linking and assessing the contribution of disturbance to NIS success. Movement into potential
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E. ischnus presence/absence found to be marginally
significant at the experiment-wise corrected probability level was for the human population density
stressor variable at GLEI Lake Erie G. fasciatus
sites. Since this analysis was based on a small sample size (n = 7) with a marginally significant likelihood of getting the observed significant results by
chance (p < 0.03), it imparts weak support at best
for the disturbance hypothesis. The ECCS Lake
Erie data, for which more records of E. ischnus
were observed, did not corroborate the GLEI Lake
Erie results.
The distribution of dreissenids, which co-occurred with E. ischnus at numerous scales, appeared
to determine the distribution of the nonindigenous
amphipod more consistently than stressors or the
distribution of G. fasciatus. This finding across
such a broad geographic range suggests that dreissenids may regulate the distribution of E. ischnus
from broad to microhabitat scales, illustrating the
importance of facilitative interactions for NIS success. If this is the case, E. ischnus may eventually
inhabit protected wetland sites if it is able to disperse to those areas where Dreissena spp. also
occur. The NIS occupy the same native habitat of
the Ponto-Caspian region, and it is speculated that
co-evolution with dreissenids has assisted E. ischnus establishment in the Great Lakes (Dermott et
al. 1998, van Overdijk et al. 2003). Studies have
predicted (Witt et al. 1997) or demonstrated (Dermott et al. 1998, Stewart et al. 1998, Burkart 1999)
replacement of G. fasciatus by E. ischnus on Dreissena substrata in the Great Lakes. This replacement
of G. fasciatus by E. ischnus may be related to the
stronger affinity of the latter for substrata fouled by
Dreissena. Conversely, increases in G. fasciatus
abundances have also been predicted as a consequence of the Dreissena spp. invasion (Griffiths
1993, Stewart and Haynes 1994). Field and laboratory studies revealed that E. ischnus preferred
Dreissena-encrusted rocks more than Cladophoraencrusted rocks, whereas G. fasciatus used both
substrata (van Overdijk et al. 2003).
The distribution of G. fasciatus was also significantly associated with that of dreissenids but not as
strongly as the association between E. ischnus and
Dreissena spp. Forty-eight percent of the sites at
which G. fasciatus were collected did not support
dreissenids. Thus, although they often co-occur
across the basin, G. fasciatus are not regulated by
dreissenids. (Table 4). Furthermore, G. fasciatus
were well established in the Great Lakes decades
before the arrival of dreissenids (Mills et al. 1993).
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habitats and dispersal limitations may be the primary obstacles for aquatic invasions (Levine 2000),
but this does not explain why relatively few of the
aquatic NIS that arrive in a new habitat establish viable populations. Factors such as habitat match
(Kolar and Lodge 2001, Moyle and Light 1996),
phenotypic plasticity (Crawley 1987), propagule
pressure (Levine 2000, Lockwood et al. 2005, Von
Holle and Simberloff 2005), facilitative interactions
(Simberloff and Von Holle 1999, Ricciardi 2001,
Bruno et al. 2003), and life history requirements of
NIS that inhibit establishment success (Fausch et
al. 2001) are almost certainly involved. Further
studies attempting to elucidate the disparity between the dependence of plant and animal NIS on
disturbance for establishment would be helpful in
understanding the dynamics of invasion biology,
particularly for aquatic environments.
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